
N A S A  TECHNtCAL 
MEMORANDUM 

NASA TM X-53813 

January 30, 1969 

THE USE OF A GROUND-BASED MULTIPLE-BEAM DETECTOR 
IN CROSSED-BEAM ATMOSPHERIC EXPERIMENTATION 

By W. H. Heybey 
Aero -As trodynamic s Laboratory 

AS A 





TECHNICAL MEMORANDUM X-53813 

THE USE OF A GROUND-BASED MULTIPLE-BEAM DETECTOR 
IN CROSSED-BEAM ATMOSPHERIC EXPERIMENTATION 

W. H. Heybey 

ABSTRACT 

Experimentation is planned at MSFC test sites to measure near- 
ground winds both by tower-mounted anemometers and by a crossed-beam 
system combining a single-beam with a multiple-beam detector. 
pertaining beam geometry is studied in the present report, its range 
of physical applicability is examined, and a proposal is made of what 
is considered a best detector arrangement for observing horizontal winds 
at different heights simultaneously. 

The 

NASA - GEORGE C. MARSHALL SPACE PLIGHT CENTER 





NASA - GEORGE C. MARSHALL SPACE FLIGHT CENTER 

Technical Memorandum X-53813 

January 30, 1969 

THE USE OF A GROUND-BASED MULTIPLE-BEBM DETECTOR 
IN CROSSED-BEAM ATMOSPHERIC EXPERIMENTATION 

BY 

W. H. Heybey 

TECHNICAL AND SCIENTIFIC STAFF 
AERO-ASTRODYNAMICS LABORATORY 

RESEARCH AND DEVELOPMENT OPERATIONS 





TABLE OF CONTENTS 

I . INTRODUCTION ........................................... 
I1 . VELOCITY COMPONENTS ..................................... 
111 . TRANSIT  HEIGHTS ......................................... 
I V  . ERROR TRANSMISSION FINDINGS ............................. 
V . HEIGHT INTERVALS AND TRAVEL PATH LENGTHS; DETECTOR 

REQUIREMENTS ............................................ 
V I  . BEAM DIRECTIONS AND OPTICAL AXIS; OBSERVED VOLUME ....... 
V I 1  . TRAWL TIME RESTRICTIONS AND CONCLUSION ................. 

Page 

1 

2 

8 

10 

13 

1 7  

23 

iii 





TECHNICAL NENORANDUM X-53813 

THE USE OF A GROUND-BASED MULTIPLE-BEAM DETECTOR 

I N  CROSSED-BEAM ATMOSPHERIC EXPERIMENTATION 

SUMMARY 

This r e p o r t  is concerned wi th  e s t ab l i sh ing  a s u i t a b l e  experimental 
layout  f o r  a system cons is t ing  of a single-beam and a multiple-beam 
de tec tor  rece iv ing ,  s a y ,  2n beam p a i r s .  Both a r e  assumed as s i t t i n g  on 
l e v e l  ground. Such a system is capable of measuring hor izonta l  winds 
simultaneously near n t e s t  he ights  provided the  beam couples a r e  properly 
arranged r e l a t i v e  t o  the  s i n g l e  beam. I n  p a r t i c u l a r ,  they must  no t  be 
contained i n  one plane,  forming a fan  there .  

Since a l l  the  couples a r e  sub jec t  t o  the same o r  q u i t e  analogous 
condi t ions,  it s u f f i c e s  t o  dea l  wi th  one p a i r  only. (Two d i f f e r e n t  
heights  are considered i n  a numerical example towards the end of the  
paper.)  The most pressing of these conditions a r e  nearness of the three  
beams i n  the  region under observat ion and the l i m i t a t i o n  of the  t rans-  
mit ted e r r o r s  t h a t  spr ing  from the expressions fo r  the  two v e l o c i t y  com- 
ponents. These depend on the inverse times needed by (poin t - l ike)  eddies 
t o  move from one ( l i n e a l )  beam t o  the next.  The experimental e r r o r  
genera l ly  is  assumed t o  l i e  w i th in  kO.1 second of the  t r u e  t r a v e l  time. 
The parameters en ter ing  the  v e l o c i t y  expressions have been determined so 
as t o  answer b e s t  the above condi t ions.  A de t ec to r  design c r i t e r i o n  has 
a l s o  been taken i n t o  account.  

The f a c t  that two beams a r e  received by the same de tec to r  i m p a i r s  
the a d a p t a b i l i t y  of the system. It can hardly handle o ther  than ho r i -  
zonta l  winds blowing i n t o  o r  ou t  of an  azimuthal angle  range of about 
45 degrees.  

Detector  arrangement guide l ines  a r e  given i n  s e c t i o n  V I .  

I. INTRODUCTION 

I n  atmospheric experimentation th ree  single-beam de tec to r s  s u f f i c e  
t o  monitor winds blowing, near a given he ight ,  from a c e r t a i n  compass of 
d i r ec t ions .  Fundamentals and d e t a i l s  of the  system's performance have 



been s tudied  i n  re ference  1.* 
mat ica l  formulations apply wi th  the present  problem as w e l l .  
i den t i fy ing  the l a t t e r  w i l l  be given by adding the symbol A i n  f r o n t .  

The guiding ideas  and some of the mathe- 
The numbers 

Multi-beam de tec to r s  pr imar i ly  aim a t  observing winds a t  d i f f e r e n t  

It can be shown t h a t ,  f o r  the  purpose intended, these  "beams" 
heights  simultaneously; they a r e  made t o  rece ive  l i g h t  from seve ra l  d i r ec -  
tions.** 
must no t  f an  out  i n  one plane,  d e s i r a b l e  as t h i s  may be f o r  the hardware 
design. The mathematical proof,  al though not  d i f f i c u l t ,  i s  somewhat 
long-winded and is  not  spe l l ed  out  here .  From geometric inspec t ion ,  it 
i s  f a i r l y  c l e a r  that, i f  the one d e t e c t o r ' s  s i n g l e  beam and a beam p a i r  
of the o ther  approach each o ther  a t  a prese lec ted  he igh t ,  as they mus t  do 
t o  insure  t rustworthy measurement, a second p a i r  sideways i n  the same 
plane cannot achieve the same end, the s i n g l e  beam missing it by a wide 
margin. Rather,  the p a i r s  must be stacked one above the o ther  f o r  meas- 
ur ing a t  d i f f e r e n t  he igh t s ,  so  t h a t  they can be kept  c lose  there  t o  the 
f i r s t  d e t e c t o r ' s  l i n e  of s i g h t .  

How t o  a d a p t  the p a i r  i n c l i n a t i o n s  t o  the var ious heights  w i l l  be 
brought ou t  by the inves t iga t ion ,  which, however, can and w i l l  be con- 
cerned wi th  the handling of one exemplary p a i r  only; the he ight  depend- 
ency of o thers  is of course analogous. 

I n  two ways the combination of a single-beam and a two-beam de tec to r  
d i f f e r s  from the se tup  envisaged i n  re ference  1. It v i o l a t e s  the condi- 
t i o n  that the beams cannot be allowed t o  i n t e r s e c t .  I n  add i t ion ,  there  
is  a loss of f r e e  parameters caused by having, s o  t o  speak, two de tec to r s  
a t  the s a m e  loca t ion .  Both these devia t ions  tend t o  r e s t r i c t  the app l i c -  
a b i l i t y  of the arrangement, as indeed they w i l l  be shown t o  do. 

11. VELOCITY COMPONENTS 

When operat ing three  separa te  de t ec to r s  rece iv ing  l i n e a l  beams a ,  
b y  c from the d i r ec t ions  a, E, y, re spec t ive ly ,  one can obta in  the  eddy 
t r a n s i t  times Tzb, zgc, *a i n  between beams and then compute the wind 
vec tor  components, V i ,  from the  system 

>k 
W. Heybey, "Wind Vector Calcu la t ion  UsiI-ig Crossed-Beam Data and Detec- 
t o r  Arrangement f o r  Measuring Horizontal  Winds ,I1 NASA TM X-53754, 
J u l y  11, 1968. 

** 
Chief designer  is E. Klugman, I I T R I .  
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where the ai, P i ,  y i  a t e  the  beam d i r e c t i o n  cosines  and the A a r e  given 
by the  expressions ( A l l ) ,  which depend on the  de t  .:tor loca t ions  P,, P2, 
p3  * 

Suppose now the  beams b and c a r e  received by the same (mult iple)  
de t ec to r  a t  P2 = P3. With such a configurat ion,  eddy t r a i n s  leaving the 
beam b y  f o r  ins tance ,  w i l l  not  i n  general  encounter the  beam c on t h e i r  
courses,  s o  that the  t r a n s i t  time zgc cannot be measured. When i n  an 
except ional  case the  wind d i r e c t i o n  is such t h a t  an eddy t r a i n  can i n t e r -  
s e c t  wi th  the beam c y  many more neighboring parallel  t r a i n s  w i l l  a l s o  
a r r i v e  a t  c y  making zEc an indeterminate quant i ty ."  

J. 

Another a spec t  of the  same predicament appears i n  the s o l u t i o n  f o r  
V i  of the system (A12): 

* 
Note that i n  der iv ing  (Al2) it had been assumed that the  wind is con- 
s t a n t  near the observat ion he ight  . 
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where 

%C 

Tgc 
L 2  = - 

is zero now, as x2 = x3, y2 = y3, z2 = z3.* 
t ions  (A13) would g ive  the wind vec tor  as 

As a consequence, the  solu-  

that is ,  i t  would be p a r a l l e l  t o  the plane of the  ,earns b and c. 
wind, i f  p resent ,  can be measured, s ince  whatever f i n i t e  values  zgc may 
have, L2 is always 

Such a 
-1 J 

If an  anemometer can be placed a t  the he ight  of i n t e r e s t ,  i t s  vane 
would suggest  a s u i t a b l e  v e r t i c a l  plane f o r  the  two beams. The t h i r d ,  
p ie rc ing  through i t ,  must be geared to  the  se l ec t ed  he ight .  This con- 
f i g u r a t i o n  permits the determination of a l l  three  wind components, bu t  i t  
has the  disadvantage (as ide  from its need f o r  ou ts ide  support)  that during 
observat ion the  eddy t r a i n s  have t o  remain p a r a l l e l  t o  the es tab l i shed  
plane t o  s a t i s f y  the condi t ion imposed on the  flow by having L2 = 0. I n  
other  words, the eddy l i n e s  m u s t  always i n t e r s e c t  wi th  both the b- and 
c-beams. Atmospheric motion can r a r e l y  be expected t o  s t a y  s u f f i c i e n t l y  
p u t  t o  achieve t h i s  adequately.JcJci” Furthermore, any add i t iona l  beam p a i r  
would have t o  l i e  i n  the same plane,  s ince  f o r  it, L2 = 0 as before .  
This precludes simultaneous observat ion a t  d i f f e r e n t  he ights ,  unless 
vanes a t  those he ights  i nd ica t e  the use of o ther  v e r t i c a l  planes.  Even 
then, the  var ious  observed space parts m u s t  have r a t h e r  def i n t t e  l a t e r a l  
pos i t i ons ,  s o  that the s i n g l e  a-beam can meet requirements i n  every one 
of them. 

~~~ ~ 

-I. 

To avoid the above ambiguities reference 1 requi res  non-intersect ing 
beams, L i  # 0. 

J-J. . ,. 
With the  mul t ip le  de t ec to r  a t  he ight  zero,  ~t~ can be zero  only f o r  a 
ground l eve l  wind. 

J-J.-L ,. I. I. 
Determination of the hor izonta l  component a lone can be attempted wi th  
the use of two s i n g l e  beams whose common normal is p a r a l l e l  t o  the  
(approximately) known wind d i r e c t i o n .  Deviation from the  normal w i l l  
no t  prevent in te rcept ion .  Indeed, measurements wi th  t h i s  arrangement 
have been ca r r i ed  out  and repor ted ly  m e t  wi th  some success.  

4 



I n  view of these  technica l  complications and physical  u n c e r t a i n t i e s ,  
it seems b e s t  t o  forgo the  determinat ion of the v e r t i c a l  wind component. 
Since i t  appears i n  the equat ions,  we w i l l  have t o  a s s ign  i t  a d e f i n i t e  
value , however. 

Over l e v e l  ground outs ide  storm clouds o r  o ther  i n s t a b i l i t y  reg ions ,  
the wind can be presumed t o  blow l a r g e l y  ho r i zon ta l ly .  
s t ances ,  the assumption V3 = 0 seems j u s t i f i e d . "  

I n  these circum- 

The system (A13) ,  though s t i l l  formally co r rec t  wi th  V3 E 0,  cannot 
be maintained, f o r  the last  l i n e  would imply that 

Rela t ion  (l),  derived from it ,  is  no longer v a l i d ;  there  is no connec- 
t i o n  between the wind vec tor  and the (b,c)-plane,  which thus can be 
f r e e l y  chosen. 

For a similar reason the middle l i n e  of the system (A12) is  t o  be 
dropped; i t  would c a l l  f o r  a f ixed  value of the r a t i o  V2/V1, which is 
q u i t e  as inadmissible as the above f ixed r a t i o  of t r a n s i t  times. We 
a r e  thus l e f t  w i t h  

where the abbrevia t ions  

%. 
k = l ,  2 yk = -. n Bk bk = - - - -  

ak a3' '3, Ck Y 3 ,  

* 
With th ree  single-beam de tec to r s ,  the v a l i d i t y  of t h i s  assumption can 
be checked by observat ion ( i t  cannot be here) .  It was considered as 
asce r t a ined  i n  the  l a t e r  parts of re ference  1, al though merely f o r  
reasons of convenience. Work is  now i n  progress t o  s tudy the use of 
single-beam de tec to r s  when V3 i s  not neg l ig ib ly  small. 
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have been introduced. 
l e n t  of the  system (A13) emerges as 

On so lv ing  f o r  the wind components V i ,  an equiva- 

bl - al b2 - a2 

c1 - al c2 - a2 
- +  (bl - al) - A1 
%b 

Vl = (cl  - a 

A1 
V2 = (c2 - a2) - + (b2 - a2) - 

$b 
I 

By the d e f i n i t i o n s  

A, = 

Y 2  - Y 1  

a2 

b2  

Y 1 -  Y 2  

c2  

a2 

(4) 

Here, the de t ec to r s  ( a t  P1 and a t  P2 = P3) are assumed a t  ground l e v e l  
(z l  = z2 = z3 = 0). 
o r i g i n  of a (right-handed) (x,y,z)-system (xl = y1 = z1 = 0). E a r l i e r  
r e s u l t s  wi th  th ree  s i n g l e  beams suggest  the second quadrant f o r  the poin t  
P2, provided that ho r i zon ta l  winds i n  the  f i r s t  and t h i r d  quadrants a r e  
t o  be monitored wi th  s u f f i c i e n t  accuracy. 
c now cross  each o ther  a t  z = 0, the concomitant loss of two f r e e  posi-  
t i o n  parameters ,* and the re fo re  of f l e x i b i l i t y ,  was found t o  aggravate  
the t ransmit ted e r r o r s ,  many of them i n  a q u i t e  i n t o l e r a b l e  degree. It 
w a s  in fer red  that the azimuthal wind angle  (counted from the p o s i t i v e  
x-axis i n  the pos i t i ve  sense)  could no longer be permitted t o  move through 

Let  us f u r t h e r  agree t o  place the a -de tec tor  a t  the  

However, when the  l i n e s  b and 

-L 

“The t h i r d  coordinate  is z = 0 as before .  
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an  e n t i r e  quadrant (0 s cp s 90"). Although, even wi th  0 s cp s 45', the  
worst poss ib l e  a n a l y t i c a l  e r r o r s  can s t i l l  be apprec iab le  i n  some cases,  
the s i t u a t i o n  w a s  judged not  s e r ious  enough t o  demand f u r t h e r  c u r t a i l i n g  of 
the angle  i n t e r v a l .  Best r e s u l t s  were obtained when the  l i n e  P1P2 was 
taken as the normal to  the  b i s e c t o r  of the azimuthal range (cp = 22 1/2'). 
It is ev ident  t h a t  an equiva len t  s e tup  f o r  the range -22.5' S cp S 22.5" 
would work as wel l  i f  the po in t  P2 w a s  loca ted  on the  y-axis. This 
ve r s ion  was  f i n a l l y  adopted f o r  the mathematical s i m p l i c i t y  i t  o f f e r s .  
For instance,  the determinants ( 4 )  become 

- 

and the s o l u t i o n s  (3) can be put i n t o  the form 

1, (5) 

c2 - a2 I 
c1 - a l  T~ b, - al -r3 

FV2 = 

where 

1 
Y 2  

F = -  

b2  - a2 
b l  - a1  

c2  - a2 
c1 - a1 

1 

1 

and 
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The bear ing of the  beam d i r e c t i o n  cosines on the  v e l o c i t y  components 
(and t h e i r  e r r o r s )  is indicated here  by the compact combinations 

The r i g h t  s i d e s  fol low from the  d e f i n i t i o n s  (2). These two r a t i o s  a r e  
the s i g n i f i c a n t  parameters i n  the  s e t  (5). There had been three  (C, Qco, 

Qo) i n  the equivalent  equat ion (A33) derived on the  bas i s  of t h ree  s ing le -  
beam de tec to r s .  Impaired f l e x i b i l i t y  is  here  d i r e c t l y  seen. 

111. TRANSIT HEIGHTS 

For proper wind i d e n t i f i c a t i o n ,  only those eddy paths a r e  permis- 
s i b l e  t h a t ,  w i th in  a narrow space region,  are capable of connecting 
beam a wi th  beam b ,  beam c wi th  beam a. 
of these pa ths ;  i n  re ference  1 they have been designated by z:*and z* 
r e spec t ive ly ,  s ince  they are the z-components of the  vec tors   and s5 
appearing In  the s e t  (A15).  Evaluation wi th  x1 = x2 = x3 = 0; y2 = y3; 
zl. = z2  = z3 = 0 gives  

Most important are the he ights  

where 
v 

q = 2 = tan cp. 
v1 

The curves zz(q) a r e  e q u i l a t e r a l  hyperbolas wi th  common hor izonta l  
asymptotes zik = 0 and the v e r t i c a l  asymptotes 

8 



Of physical  i n t e r e s t  are those segments only that s t r e t c h  wi th in  the 
i n t  erva 1 

(12) -qo s q s q = t a n  22.5". 
0 

I f  the  i n f i n i t e  d i s c o n t i n u i t i e s  a t  q = q1 and q = q5 a r e  f a r  ou ts ide  i t ,  
the hyperbolas w i l l  run more o r  l e s s  p a r a l l e l  t o  z* = 0 wi th in .  
blowing a t  any azimuth i n  -22.5" 6 cp S 22.5" can be de tec ted ,  provided 
i t  is constant  over the he ight  i n t e r v a l  I z$(q) - zT(q) I ,  which conse- 
quent ly  must be s u f f i c i e n t l y  small .  It w i l l  sh r ink  t o  zero a t  one po in t ,  
i f  the  hyperbolas i n t e r s e c t  w i th in  the r e l evan t  i n t e r v a l ,  and w i l l  pre- 
sumably remain narrow i n  i t s  neighborhood, as one wishes i t  t o  be.* 

A wind 

More s p e c i f i c a l l y ,  the  he igh t  i n t e r v a l  i s  required t o  extend around 
a prese lec ted  re ference  he ight  h ,  e s p e c i a l l y  s o  a t  the  terminals  q = -qo 
and q = qo. I f  we put  

the four  parameters m u s t  t he re fo re  be chosen c lose  t o  uni ty .  I n t e r -  
s e c t i o n  as des i red  w i l l  occur when taking 

(The opposi te  i n e q u a l i t i e s  ev ident ly  would d o  as wel l . )  
f o r  the f a c t  t h a t  the he ights  (9) have t o  be pos i t i ve ,  the f i r s t  two 
i n e q u a l i t i e s  ( 1 4 )  r equ i r e  that 

I f  one allows 

J- 

"One can fo rce  non-intersect ing hyperbolas t o  l i e  c lose  bes ide  each 
o ther  i n  the  i n t e r v a l ;  however, e r r o r s  have been shown t o  grow too 
l a r g e  f o r  c e r t a i n  wind d i r e c t i o n s .  

9 



t he re fo re ,  that 

S imi la r ly ,  the  second p a i r  of the  i n e q u a l i t i e s  (14) gives 

Let  us then p u t  

I f  the  pos i t i ve  parameters p1 and p5 here  introduced a r e  s u f f i c i e n t l y  
l a rge ,  the d i scon t inu i ty  points  (11) of the funct ions (9) w i l l  be f a r  
ou ts ide  the  meaningful i n t e r v a l  (12), one on e i t h e r  s i d e  of it. 

I V .  ERROR TRANSMISSION FINDINGS 

Indica t ions  of what values  t o  a s s i g n  t o  the  parameters p1 and p5 
w i l l  i s sue  from the  a n a l y t i c a l  e r r o r s  incurred when using the  s e t  (5) 
which, wi th  the  a i d  of the  expressions (11) and (16), assumes the form 

40 1 1  - ( P 1 +  P5) v 1  = q + < 
Y 2  

40 - (Pl, + P5) v2 = 4, (2 - E) 
Y 2  

Note that qo(= t a n  22.5") is not  a f r e e  parameter a t  r i g h t .  

The maximum observat ional  time e r r o r  was f ixed  a t  kO.1 second. 
Extended inves t iga t ions  on i t s  bear ing on the  components V1 and V2 led 
t o  the following conclusions : 

(1) The common f a c t o r  a t  l e f t  plays no r o l e  i n  e r r o r  
transmiss ion. 

10 



(2) Although, i n  p r inc ip l e ,  the three  beams should be r a t h e r  
c lose ly  bundled up i n  the  zone of measurement, the  times needed f o r  the  
eddy t r a i n s  t o  connect a w i t h  b y  c wi th  a ,  cannot be allowed t o  drop, 
say ,  below 1 second,'' s i nce  the  e r r o r s  increase  i n  inverse proport ion 
t o  zl and z3. The "worst" e r r o r s  tabulated below a r e  therefore  based 
on e i t h e r  z1 = 1 second, or  z3 = 1 second. 

-1. 

(3) To keep both the  worst  s t r e n g t h  e r r o r s  and the worst  angle  
e r r o r s  a t  low values  is harder t o  accomplish than when operat ing wi th  
th ree  single-beam de tec tors .  
e a r l i e r  and t raced t o  the loss  of f l e x i b i l i t y .  

Bracketing d i f f i c u l t i e s  were pointed out  

( 4 )  The e r r o r s  a r e  r a the r  s e n s i t i v e  t o  va r i a t ions  of p1 and 
p5. The p a i r s  10, 12 and. 12 ,  10, e .g . ,  a r e  markedly i n f e r i o r  t o  the 
p a i r  p1 = p5 = 11, which was  found as one of the two b e s t  combinations. 
It produces equal ,  t o l e rab ly  l o w  maximal st:rength e r r o r s  a t  q = -qo and 
q = qo, and w a s  chosen f o r  t h a t  reason. 
evolved from the  des i r e  t o  c u r t a i l  c e r t a i n  l a rge  angle  e r r o r s  that 
occurred wi th  the f i r s t  p a i r .  However, i t  generates  r e l a t i v e l y  high 
s t r e n g t h  e r r o r s  i n  some circumstances. De ta i l s  a r e  given i n  the  t ab le  
t o  follow ( s l i d e  r u l e  computation). I f  V' and 9' a r e  the f a u l t y  s t r e n g t h  
and azimuth r e s u l t s  emerging with the  ( l a r g e s t )  observat ional  e r r o r  of 
k 0.1 second, the percent e r r o r  i n  terms of the t rue  value V w i l l  be 

A second p a i r  (pl  = 8, p5 = 20) 

p = (y V' - 1) x loo%, 

while &p = cp' - cp gives the angle abe r ra t ion .  

Of the "true" va lues ,  T~ and z3, one is genera l ly  taken as un i ty  
and is assumed t o  have been read o f f  as 1.1 second. With the o ther  
one, two f a u l t y  readings have been considered, 0.1 second too small 
and too high. 
the t rue  values  have been taken as T~ = T~ = 1.1 second t o  escape a 
reading-off below 1 second. 

In  one except ional  instance where the z's mus t  be equal,  

Jx 
It w i l l  be seen l a t e r ,  how t h i s  s t i p u l a t i o n  a l s o  en te r s  i n t o  the  de t e r -  
mination of the  de t ec to r  span y2, which is  i r r e l e v a n t  as f a r  as e r r o r  
transmis s ion is concerned. 
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TABLE OF WORST EXPECTED ERRORS 

I A .  P 1 -  - p 5  = 11 I 
cp = -22.5" z1 = 6 73 = 1 5 

1 11 
73 = - 11 

10 10 
= - 

I p = -8.4% @ =  22.5" 

11 
10 

T5 = - 13 = - 
I p = -9.5% = 1.8" 

I I 
11 

73 = - 11 1 " 1 = =  10 cp = 0" 

12 
7: = 1 7: = E 
p = 9.1% Lup = 22.5" I 

p = -8.4% Q -22.5" 

p = -9.5% 4 = -1.8" 

"1 = 3 73 = 1 

p = -12.6% rCp = 15.4" 

p = -11.5% 4 = 7" 

5 a 1  = - 2 T3 = 1 

11 12 
5 10 

7$ = - = - 
p = -0.6% Lup = 18.3" 

19 
71 = - 9 73 = 1 

11 181 
90 10 

.f = - = - 
p = 12.2% 4 = 15.7" 

11 199 
90 10 

T$ = _I Ti = - 
p = 0.4% Ap = 5.8" 

12 



V. HEIGHT INTERVALS AND TRAVEL PATH LENGTHS; DETECTOR REQUIREMENTS 

Somewhat a t  a loss t o  decide which of the  parameter combinations 
(A and B, s e e  t a b l e  above) o f f e r s  the more a t t r a c t i v e  e r r o r  complex, we 
s e t  o u t  t o  consul t  cr i ter ia  not  examined s o  f a r .  These include: 

Limiting the  he ight  d i f f e rence  between any two p a r a l l e l ,  
beam-connecting eddy courses s o  t h a t  they can be taken as 
i n  f a c t  belonging t o  the same wind. 

Providing reasonable t r a n s i t  path lengths .  They must 
n e i t h e r  be too s h o r t  ( t r a v e l  t i m e s  below 1 second make f o r  
e r r o r s  too l a r g e ) ,  nor too  g r e a t  l e s t  eddies lo se  i d e n t i t y  
or  decay when journeying from one beam t o  the  next .  This 
would des t roy  the c o r r e l a t i o n  t h a t  l i e s  a t  the r o o t  of the  
crossed-beam method. 

P r a c t i c a l  cons idera t ions ,  as (a) the wish t o  have the 
de t ec to r s  no t  too f a r  apar t  and (b) ease i n  ad jus t ing  them. 

Access t o  the f i r s t  i tem is gained by combining expressions (9) ,  
( 1 3 ) ,  (15), and (16): 

This s e t  of two p a i r s  of r e l a t i o n s  y i e lds  the  r a t i o s  

13 



which can be used t o  judge the terminal  he ight  i n t e r v a l s  

i n  terms of p1 and p5. These are the l a r g e s t  encountered, f o r  the 
z*-hyperbolas were made t o  i n t e r s e c t  i n  between s t a t i o n s  q = -q 
q = 4,. 
terminal ,  the  he igh t  i n t e r v a l  is cu t  down, it w i l l  grow l a r g e r  a t  the  
o ther .  L e t  us agree  therefore  t o  pos tu l a t e  the terminal  he ight  spans 
as equal.  Relat ions (19) and (20) then g ive  

and 
0 From t h e i r  genera l  course,  it can be in fe r r ed  that i f ,  a t  one 

P p , + 1  
1 F5 

F, = -2 
P 1  P 5  - 

or  

I f  we adopt 0.9 as the sma l l e s t  value admissible  f o r  F,, we s e e  t h a t  

& = 0.18h wi th  pl = p5 = 11 

& = 0.166h wi th  p1 = 8, p5  = 20. 

A t  a g r e a t  measuring he ight ,  these  f i g u r e s  perhaps overtax the  c a p a b i l i t y  
of the wind t o  s t a y  cons tan t  i n  the v e r t i c a l .  Regret tably,  nothing much 
can be done t o  improve on t h i s  s i t u a t i o n .  Lowering F, means t o  lower 
the three  o ther  he ight  parameters as w e l l ,  so  t h a t ,  i n  e f f e c t ,  one may be 
measuring beneath the re ference  height .  With F, = 0.9 it a l ready  follows 
t h a t ,  i n  the case (B),  G, = 0.995, con t r ad ic t ing  condi t ions (14), which 
intend t o  keep the  hyperbolas near  h. With F5 = 0.95 the quan t i ty  G, 
r i s e s  t o  the acceptable  value 1.05, b u t  &, now = 0.175h, does no t  d i f f e r  
s i g n i f i c a n t l y  from & = 0.18h as found i n  the case (A).  S t i l l ,  one may 
be inc l ined  t o  judge the l a t t e r  s l i g h t l y  i n f e r i o r  t o  (B) on account of 
somewhat g r e a t e r  he ight  spans. 
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For examining, secondly,  the pa th  lengths  t q  be expected, we use 
the  formulas (A16) ,  which s impl i fy  i n t o  

These funct ions a t t a i n  the minima 

a t  

respec t ive ly .  Both of them, wi th  the 
wel l  w i th in  the i n t e r v a l  < -qo, qo >. 

value combinations adopted, a r e  

I n  case (A)  (pl  = p5 = ll), the minimurn va lues  a r e  equal: 

This r e s u l t  suggests  a f i g u r e  f o r  the sepa ra t ion  d i s t ance ,  y2, which 
w i l l  grow l a r g e r  i f  s t ronge r  winds a r e  t o  be measured. 
wishes t o  monitor winds up t o  40 knots x 20 m/sec. 
be a t  l e a s t  equal t o  20 m y  s o  t h a t  the eddy t r a n s i t  t i m e  reaches a t  l eas t  
1 second ( t o  keep e r r o r s  low). Hence, 

Suppose one 
R*Imin then should 

y2 = 93.3 m x 94 m. 

The longes t  t r a v e l  pa th  is 

‘O e = 24.6 m. - R* ca I 4’40 - y2 qo(P5 - 1) 

There is not much d i f f e rence  i n  pa th  lengths  here .  
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I n  the  case (B),  the  s h o r t e s t  t r a v e l  is connected wi th  

1 ead ing t o  

y2 = 167 m 

f o r  4 0 - k n ~ t s  winds. The longes t  pa th  becomes 

d1 + u2 
‘0 = 62.4  m. - - 

y2 qo(P1 - 1) 
R’k I ab q=-qo 

This i s  not  a forb iddingly  l a rge  f i g u r e ,  a l though case (A) should provide 
f o r  b e t t e r  co r re l a t ions  on the whole. The s h o r t e r  base l i n e ,  too,  may 
speak i n  favor  of i t .  

For ease of handling the mul t ip l e  de t ec to r ,  thebeams b and c should 
be symmetric t o  the  v e r t i c a l  plane through the  y-axis on which the  
de tec tor  is s i t t i n g .  Such a requirement can be allowed fo r ,  s i n c e  the  
condi t ions obtained up t o  now f o r  the s i x  independent beam d i r e c t i o n  
parameters a r e  only two i n  number: 

c2 - a2 - - p5q0. 
a2 - b 

= -P190, 
a1 - b l  a1 - c 1  

They fol low from the expressions (11) and ( 1 6 ) .  We add t o  them the 
cond i t  ions 

Y 1  = -B1, Y 2  = B 2 Y  Y 3  = P 3 Y  ( 2 3 )  

necessary and s u f f i c i e n t  f o r  the  symmetry des i red .  I n s e r t i n g  them i n t o  
equations (22) ( r e c a l l i n g  the d e f i n i t i o n s  ( 2 ) ) ,  one f inds  t h a t  the  
r e  l a  t ion 
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must be s a t i s f i e d .  
he igh t  expressions (18) y i e ld  

Since now -cl  = b,, the f i r s t  and t h i r d  of the 

On e l imina t ing  the  f r a c t i o n  a t  l e f t ,  

A d i f f e r e n t  expression f o r  t h i s  r a t i o  appears through condi t ion (21). 
Comparison leads t o  the demand 

It is seen t h a t  i f  one wishes t o  provide f o r  (1) the  above beam symmetry 
and (2) equal terminal  he ight  i n t e r v a l s ,  one must adopt the case (A) 
where both  p ' s  have the  same value 11. The dec is ion ,  long i n  the  
balance,  is f i n a l l y  made. 

A s  a consequence, r e l a t i o n  ( 2 4 )  en ta i l s  t h a t  a l  is t o  be taken as 

The s i m p l i c i t y  of t h i s  scheme throws add i t iona l  support  t o  (A); 
zero. The a-beam then runs i n  the symmetry plane of the  beam couple 
b ,c .  
i t  should a l l e v i a t e  adjustment labors  and minimize the p e r i l  of 
m i s a l  igning . 

The t echn ica l ly  more complicated case (B) might be prefer red  when 
wind d i r e c t i o n  is more important than wind s t r eng th .  

V I .  BEAM DIRECTIONS AND OPTICAL AXIS; OBSERVED VOLUME 

I n  case (A) equations (23) reduce t o  the  s i n g l e  r e l a t i o n s h i p  

b2 + l lqobl = a2, 
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while  any of the  four  expressions (18) gives  

(26) - 
h '  

1.08 (as fol lows,  wi th  F, = 0.9, from - 
the  r e l a t i o n  (21)) .  
depend on the t e s t  he ight  h alone" and can be considered known. Viewed 
from the  p o s i t i v e  x-axis ,  beam c runs behind beam b (as b, > 0, c, < 0); 
i n  between them, the  a-beam pursues a middle course.  Eddy t r a i n s  i n  the 
genera l  d i r e c t i o n  of the negat ive x-axis w i l l  move from b t o  a 
(Tab E T, < O ) ,  from a t o  c E T~ < o), so t h a t  t he  f i r s t  l i n e  of 
the  s e t  (17)  y i e lds  V1 < 0 as i t  should do. 

The d i r e c t i o n  parameters b, and c, = -b ,by  now 

ik 

Of the  two d i r e c t i o n  parameters a2 and b,, one remains undetermined. 
I f  we s e l e c t  

we s e e  t h a t  the e l eva t ion  angle  

Xa = 90" - a r c  cos a, 

can be considered a f r e e  parameter. However, i t s  va lue ,  as w i l l  be shown 
immediately, is not  wholly d i sc re t iona ry ,  because the  present  design of 
the mul t ip l e  de t ec to r  does not  p e r m i t  spreads over wbC = 50" between the  
b- and c-beams. Thus, 

Beam d e f i n i t i o n  is provided by the  e l eva t ion  angle  a lone  (a-beam) 
or  i n  conjunction wi th  the  angle  $ made by both  the  b- and c-beams wi th  
t h e i r  b i s e c t i n g  l i n e  ("opt ical  axis") .  For t h i s  angle ,  one has 

-1, 

Note t h a t  a l  is zero,  i .e . ,  h-independent. 
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cos I/f = cos 7 1 wbc = J r - p  

1 > cos $ 2 cos 25" = 0.90631 

Rear ranging t o  w r  i t  e 

b 12 
COS'$ = 1 - b12 p3' = 1 - 

1 + b12 + b2' ' 

one a r r i v e s  a t  

There is a condi t ion  on b*l: 

b, > t an  $ (> 0) ,  

which t e l l s  us t h a t ,  \Ir given,  we cannot measure a t  any he ight  w e  may 
wish t o ;  f o r  expression (26) requi res  t h a t  

y2  cotg \Ir = 21 cotg $. 
0 

< 10.8q 

Conversely, l a rge  t e s t  he ights  i n  genera l  ca l l  f o r  small angles  $. This 
i s  understandable.  Even a t  such he ights  the b- and c-beams must move 
no t  f a r  a p a r t  i n  order  t o  ensure proper measurement. 

By r e l a t i o n s  (25) and (28) 

The va lue  chosen f o r  a2 must comply with the  requirement t h a t  I/f should 
remain below 25O. 
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Planned exploratory experimentation w i l l  monitor winds near the 
t e s t  he ights  

h, = 11.43m, h, = 30.48m 

(and therefore  needs two b,c-couples).  By expression (26), correspond- 
ing f igu res  f o r  b, follow wi th  qo = 0.41421, y2 = 94 m y  F,= 1.08. The 
e l eva t ion  angle  Xa = 45" gives  a, = 21. 
proves t o  be too small f o r  t echn ica l ly  useable values  of $. The l a r g e r  
angle Xa = 60" y i e lds  r e s u l t s  wel l  below the upper bound: 
~/r, = 14.5", even i f  again the pos i t i ve  choice, 

With the  p o s i t i v e  s ign ,  i t  

= 13.5", 

1 a , = + - ,  
& 

i s  made. Since a, is always pos i t i ve ,  a, > 0 means t h a t  a, > 0. The 
a-beam then makes an acute  angle  wi th  the  pos i t i ve  y-axis.  Regarding 
the  two o ther  beams, we may consul t  r e l a t i o n s  (25) and (26) t o  f ind  

11 Y 2  
b2 = a2 - -- 10.8 h 

With both values  of h, the  subtrahend is l a r g e r  than un i ty ,  rendering 
b2 < 0 when 

1 
a2 = - 

A '  

Hence, p2 < 0 and, by condi t ions (23 ) ,  y2 < 0. The b- and c-beams thus 
make equal obtuse angles wi th  the pos i t i ve  y-axis.  

By d e f i n i t i o n s  (2) ,  the  or thogonal i ty  condi t ion 

may be w r i t t e n  as 

1 
p32 = 1 + b12 + b2' 
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Since b l a n d  b, a r e  f ixed  values  by now, the equal e l eva t ion  angles  of 
the  b- and c-beams can be computed. More usefu l ,  however, f o r  p r a c t i c a l  
app l i ca t ion  is the  e l eva t ion  angle ,  xbYc, of the o p t i c a l  a x i s  which has 
the  d i r e c t i o n  of the  vec tor  sum 

Again applying condi t ions (23) ,  we a r r i v e  a t  

This r e s u l t  shows t h a t  the  o p t i c a l  a x i s  is i n  the  symmetry plane,  and 
y i e lds  i t s  d i r e c t i o n  cosines as 

They show t h a t  i t s  angle w i t h  the  pos i t i ve  y-axis is obtuse ( l i k e  those 
of the  beams whose angle  i t  b i s e c t s ) .  From 

I. = 90" - a r c  cos $, C b, cotg Q ' 

one f inds  t h a t ,  wi th  the  numerical values  adopted above, 

Although h, > h,, the segment, h cosec xb,cy of the o p t i c a l  axis 
between the de t ec to r  and the  two height  l e v e l s  is s h o r t e r  (81.4m) f o r  
h = h, than f o r  h = h, (87.6m). 
turned out  somewhat l a r g e r  than Ql. 

This may expla in  the  f a c t  t h a t  q2 

With the a i d  of the  angles  Xa,  $, XbycY the  de t ec to r s  can be mounted 
f o r  observation. 
required s o  as t o  f i x  the  l i n e  P,P, approximately normal t o  it. 
the de t ec to r  s e a t s  a r e  separated by y2 m. 

A general  i d e a  of the  preva i l ing  wind d i r e c t i o n  is 
On it, 

The a-beam and the two 
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"op t i ca l  axes" are contained i n  the v e r t i c a l  plane through the  base l i n e ,  
fac ing  each o ther  a t  spec i f i ed  e l eva t ion  angles." I n  two planes def ined 
by those axes and the normal d i r e c t i o n  of the v e r t i c a l  (symmetry) plane,  
the beam couples are s e t  by the dev ia t ion  angles  ql and q2, respec t ive ly .  

The beam d i r e c t i o n  cosines  are not  needed i n  p rac t i ce ,  y e t  are g iven  
here  f o r  the sake of t h e o r e t i c a l  completeness (F, = 1.08): 

1 a, = 0, a, = a,,a,, a, = 4- 

h 
p3 = 10Flqo s i n  I/J 

Y1 = -81, Y2 = 82, Y 3  = B3= 

Those of the b i s e c t o r  (op t i ca l  a x i s )  a r e  

Excepting h and a2, the parameters here  have d e f i n i t e  values  s e t t l e d  
upon by the  preceding argumentation, which is a l s o  respons ib le  i n  p a r t  
f o r  the form of the  expressions.  For a given observat ion he igh t ,  the 
choice of a2 determines the  angle  $ as w e l l  as the  d i r e c t i o n  cosines  and 
therefore  the e l eva t ion  angles .  It should be emphasized, however, t h a t  
i t  does not  r e f l e c t  upon e r r o r  t ransmission,  nor on the t r a v e l  pa th  
lengths  (22), nor on the genera l  shape of the  space volume inves t iga ted  
( e spec ia l ly  not on the F ' s  and G I s ) .  The l a t t e r  merely s h i f t s  p a r a l l e l  
t o  the y-axis when a2 is var ied .  
of the pa th  te rmina ls ,  which a r e  the end poin ts  of the  p e r t i n e n t  pos i t i on  
vec to r s  i n  the  s e t  ( A 1 5 ) .  
b,  r e spec t ive ly ,  those of the  vec to r s  rE and rg l i e  on c and a. 
t h a t  p1 = p5 = 11, a l s o ,  t h a t  c1 = -bl, c2 r- b,. The f i n a l  r e s u l t s  a r e :  

This can be seen by the  coordinates  

Those of the  vec tors  L: and ~z are on a and 
Note 

___~  
-L 

"They i n t e r s e c t  a t  the (here obtuse) angles  180" - (Xa + $ c ) .  
Y 
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J. These coordinates  vary  wi th  the d i r e c t i o n ,  q ,  of the  wind." The two 
zero values  of x" were t o  be expected, both the poin ts  P t  and PE ly ing  
on the a-beam; x> and x$ confirm t h a t  c is "behind" b. 
is given by formula (26) and i s  a constant  a f t e r  s e t t l i n g  f o r  a t e s t  
he igh t  h.  Evident ly ,  the x- and z-coordinates of a l l  the  path terminals 
do not  depend on the value chosen f o r  a2. While, on the  contrary,  a l l  
y"'s do vary  wi th  i t  (making f o r  the  s h i f t  i nd ica t ed ) ,  the t r a n s i t  pa th  
lengths  aga in  do no t .  Indeed, by using r e l a t i o n  (25), one der ives  

J. 
The quan t i ty  b, 

which d i f f e rences  a r e  not  a f f ec t ed  by the value one may s e l e c t  f o r  a,; 
nor as a consequence, a r e  the lengths  PE P z  This 
w a s  a l r eady  apparent  from t h e i r  expressions (22) (which can e a s i l y  be 
rederived with the terminal  coordinates  now a t  hand) 

J. .I. 

R&,, P$ Pg E R G a .  

V I I .  TRAVEL TIME RESTRICTIONS AND CONCLUSION 

Atmospheric experimentation is  threatened by the perplexing possi-  
b i l i t y  t h a t  a few eddy t r a i n s  may connect beams outs ide  the space p a r t  
under observat ion.  The corresponding t r a n s i t  Gimes e l i c i t e d  from the 
i n t e n s i t y  records must be discarded;  they would lead t o  spurious winds. 
I n  two dimensions (V, = 0) t h i s  can be done a f t e r  e s t ab l i sh ing  meaning- 
f u l  t r a v e l  time r a t i o s  t h a t  do occur wi th  t r a n s i t s  i n  t h e  volume s ingled  
ou t  f o r  measurement. It is h ighly  improbable (although not o u t r i g h t  
impossible) t h a t  a p a i r  of "wrong" connections should g ive  r i se  t o  a 

-1, 

One r e c a l l s  t h a t  q i s  r e s t r i c t e d  t o  the i n t e r v a l  < -qo, qo >. 
winds cannot be measured wi thout  v i o l a t i o n  of ( a t  l e a s t  one of the)  
bas i c  requirements.  

Other 
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meaningful r a t i o .  I n  the  present  ins tance ,  t he  range of t he  l a t t e r  is 
r a t h e r  l i m i t e d .  

With p1 = p5 = 11, the  s o l u t i o n s  (17)  g ive  

s o  t h a t  

The f r a c t i o n  a t  r i g h t  increases  with q. From 

0’ 
-4 s q s q  

0 

Observed r a t i o s  ou t s ide  t h i s  narrow i n t e r v a l  shoilld be dismissed on 
suspic ion  they might be owing to  unrelated winds. 
boundaries,  one may be inc l ined  t o  be l en ien t ;  however, one should 
inqu i r e  i n t o  e r r o r  t ransmission and the  he ight  i n t e r v a l  i n  which wind 
constancy would have t o  have preva i led .  

I f  they a r e  near the 

Suppose, e .g .  , t h a t  record eva lua t ion  has given 

z1 = 4 sec . ,  -r3 = 5 s e c . ,  

s o  t h a t  the  r a t i o ,  1.25, is somewhat too  l a rge .  By expression (30),  the 
a f f i l i a t e d  va lue  of q becomes 
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The he igh t  d i f f e rence  ( taking al  = 0, c1 = -bl, p1 = ps = 11) is found 
as 

With qo = 6- 1, F1 = 1.08, and the above value of q ,  t h i s  g ives  
&I = 0.221hY a r e s u l t  considerably l a r g e r  than 0.18h (the constancy 
i n t e r v a l  a t  q = qo). I f  it is thought acceptable  wi th  a presumably 
well-behaved wind, the observat ion may be considered v a l i d  on account 
of t he  r a t h e r  l a rge  values  of T~ and -r3. Indeed, even i f  the observa- 
t i o n a l  e r r o r  l i m i t  is doubled t o  50.2 second, the  worst  a n a l y t i c a l  
e r r o r s  can be shown t o  remain wi th in  reasonable  bounds. 

The narrow margins (31) ind ica t e  t h a t ,  a f t e r  c o r r e l a t i n g  the  
experimental  records,  one has t o  look f o r  (a ,b)  and (c ,a )  c o r r e l a t i o n  
maxima occurr ing a t  approximately equal delay times (both p o s i t i v e  or  
both nega t ive) .  Moreover, one p a i r  of such maxima ought t o  be de t ec t -  
a b l e  i n  any event .  I f  i t  is  no t ,  a ca re fu l  check of a l l  underpinnings 
of the  experimentation would seem t o  be i n  order .  These include bas i c  
concepts of the method, mult i tudinous aspec ts  of delay time a c q u i s i t i o n ,  
de t ec to r  layout ,  design,  and adjustment,  required p rope r t i e s  of the 
atmospheric s t a t e  and motion. I n t o  the more fundamental ones, one 
would of course go only when repeated f a i l u r e  cannot be explained 
otherwise.  
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